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REMARKS 



Claims 12-17 were pending prior to this Response. By the present communication, no 
claims have been added, canceled, or amended. Support for the amended claims may be found 
in the specification as filed. As such, the amendments do not raise any issues of new matter and 
the amended claims do not present new issues requiring further consideration or search. 
Accordingly, upon entry of the present amendment, claims 12-17 will be pending in this 
application. 

Rejections under 35 U.S.C. §112, First Paragraph 

Applicants respectfully traverse the rejection of claims 12-17 under 35 U.S.C. §112, first 
paragraph, as allegedly failing to comply with the enablement requirement. Specifically, the 
Office Action alleges that at the time the application was filed, the art of administering 
transduced neural progenitor cells to an individual so as to provide a tangible therapeutic benefit 
was poorly developed and unpredictable. 

Attached herewith as Exhibit A is an article describing intracerebral administration of 
nerve growth factor (NGF) by tranplants of NGF-secreting immortalized neural progenitor cells 
in the nucleus basalis and septum of behaviorially impaired aged rats (Martinez-Serrano, et al., 
(1998) Proc. Natl. Acad. Sci. USA, 95, 1858-1863). Exhibit A indicates that, "[w]ork during the 
last few years has shown that ex vivo gene transfer techniques can provide an interesting 
alternative for long-term delivery of therapeutically active proteins. ..." (Exhibit A, page 1858, 
col. 2, citing Martinez-Serrano, et al., (1995) Neuron 15, 473-484; and Martinez- Serrano, et al., 
(1996) Proc. Natl. Acad. Sci. USA 93, 6355-6360, which is attached as Exhibit B). Thus, the 
results shown in Exhibit A "demonstrate the usefulness and success of the ex vivo gene transfer 
approach for long-term intracerebral delivery of neurotrophic factors, as compared with other 
alternative methods of administration." (Exhibit A, page 1862, col. 1). 

Attached herewith as Exhibit C is an article describing the use of immortalized 
suprachiasmatic nucleus (SCN) cells to generate robust rhythms in uptake of the metabolic 
marker 2-deoxyglucose and in the content of neurotrphins. (Earnest, et al., (1999) Science 283, 
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693-695). Exhibit C indicates that, "[l]ike other cell lines and many peripheral insect and 
mammalian tissues, [the] immortalized cells derived from the SCN generate circadian rhythms in 
vitro. (Exhibit C, page 694, col. 3). 

Finally, the Office Action alleges that Mehler, et al., state that it may be necessary to 
promote lineage commitment of progenitor cells in vitro prior to transplantation. (Office Action, 
page 4). Applicants submit that the same reference also discloses that, "[transplantation of wild- 
type or genetically engineered immortalized progenitor cells has also been used experimentally 
to improve biochemical and morphologic parameters in mice with specific lysosomal storage 
diseases...." (Mehler, page 783, col. 1). Mehler further discloses that, "[i]n addition, wihin the 
spinal cords of myelin-deficient rats, these immortalized progenitor cells can proliferate, migrate, 
and myelinate axons for several weeks following transplantation." (Mehler, page 783, col. 1). 

MPEP §2 164.05(b) states that u [t]he relative skill of those in the art refers to the skill of 
those in the art in relation to the subject matter to which the claimed invention pertains at the 
time the application was filed... In re Naquin, 398 F.2d 863, 866, 158 USPQ 317, 319 (CCPA 
1968)". Applicants submit that the specification as filed describes that "[c]ells may be 
introduced by, for example, stereotaxic implantation or intracerebral grafting into the CNS of 
patients. The cells themselves may have the capacity to functionally replace neurons that die in 
neurodegenerative disorders, or may serve as sources of agents (such as trophic factors) that have 
therapeutic benefit." (Specification, page 19, lines 24-27). Thus, the skilled artisan at the time 
of the filing of the present application and in view of the above-referenced Exhibits, would have 
understood that ex vivo gene transfer has been successfully demonstrated in accepted mammalian 
animal models. The state of the art existing at the filing date of the application is used to 
determine whether a particular disclosure is enabling as of the filing date. Chiron Corp. v. 
Genentech Inc., 363 F.3d 1247, 1254, 70 USPQ2d 1321, 1325-26 (Fed. Cir. 2004) ("a patent 
document cannot enable technology that arises after the date of application"). See MPEP 
§2 164.05(a). Accordingly, Applicants submit that at the time of filing, transplantation of 
immortalized neural progenitor cells was known and understood. Thus, the claimed invention is 
enabling as of the filing date of the application. 
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CONCLUSION 

In summary, for the reasons set forth herein, Applicants submit that the pending claims 
clearly and patentably define the invention and respectfully request that the Examiner withdraw 
all rejections and pass the application to allowance. If the Examiner would like to discuss any of 
the issues raised in the Office Action, the Examiner is encouraged to call the undersigned so that 
a prompt disposition of this application can be achieved. 

No fee is believed to be due in connection with the filing of this paper. However, the 
Commissioner is hereby authorized to charge any fees that may be required by this paper, or 
credit any overpayment to Deposit Account 07-1896 referencing the above-identified attorney 
docket number. 



Respectfully submitted, 



Date: December 19, 2007 




Antony M. Novom, J.D. 
Reg. No. 45,517 
Telephone: (858) 638-6641 
Facsimile: (858)677-1465 



DLA PIPER US LLP 



4365 Executive Drive, Suite 1100 
San Diego, California 92121-2133 
USPTO CUSTOMER NO. 28213 
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in presymptomatic middle-aged rats prevents the development of 
cholinergic neuron atrophy and cognitive impairment during aging 

(gene therapy /Alzheimer's disease/memory/p75 NTH ) 
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ABSTRACT Nerve growth factor (NGF) is able to restore 
spatial learning and reverse forebrain cholinergic neuron atro- 
phy when administered intracerebrally to behaviorally impaired 
aged rats. In the present study, behaviorally unimpaired, middle- 
aged rats (14-16 months old) received transplants of ex vivo 
transduced, clonal NGF-secreting immortalized neural progen- 
itor cells, bilaterally in the nucleus basalis and septum. During 
the subsequent 9 months the aged control animals developed the 
expected impairment in spatial learning in the water maze task, 
whereas the animals with NGF-secreting grafts maintained a 
performance level not different from the 12-month-old control 
rats. The marked age-induced atrophy (-25%) of the cholinergic 
neurons in medial septum and nucleus basalis, seen in the aged 
control rats, was not present in the NGF-treated aged animals. 
v H-labeled thymidine autoradiography showed that the trans- 
duced cells survived well and had become integrated into the host 
tissue surrounding the injection sites, and reverse transcription- 
PCR analysis revealed expression of the NGF transgene, at both 
4 and 9 months postgrafting, in the grafted tissue. The results 
show that long-term supply of NGF from ex vivo transduced 
immortalized neural progenitor cells locally within the nucleus 
basalis and septum can prevent the subsequent development of 
age-dependent neuronal atrophy and behavioral impairments 
when the animals reach advanced age. 

Studies in rodents have shown that the basal forebrain cholinergic 
system undergoes progressive degenerative changes with advanc- 
ing age, and that the magnitude of these changes generally is 
correlated with the severity of the behavioral impairments that 
the aged animals exhibit in various learning and memory tasks 
(1-3). Indeed, several lines of evidence indicate that normal 
cortical and hippocampal function depends on the modulatory 
afferent control exerted by the two principal basal forebrain 
cholinergic projection systems originating in the septal- diagonal 
band area and the nucleus basalis (1-4). 

Injections or infusions of exogenous nerve growth factor 
(NGF) have been successfully used to reverse the age-dependent 
atrophic changes in the cholinergic forebrain neurons, as well as 
the performance of the aged animals in spatial memory tasks 
(5-10). NGF is a neurotrophic factor with potent neuroprotective 
effects on TrkA/p75 NTR receptor bearing cholinergic neurons in 
the central nervous system (CNS), both in vitro and in vivo 
(11-13). Although there is little evidence for a specific deficit of 
NGF in the brains of cogmlively impaired animals (14. 15), the 
results obtained with acute administration of NGF in aged 
animals suggest that increased supply or availability of NGF to the 



forebrain cholinergic neurons during aging may be able to 
stimulate their function and reverse their atrophic state. 

The usefulness of intracerebrovenlricular or systemic admin- 
istration of NGF may be limited by deleterious side effects such 
as hyperalgesia, hypophagia. and weight loss (16, 17). For this 
reason, long-term administration of NGF may require low-level, 
localized intraparenehymal delivery directly to the area contain- 
ing the receptive neurons. Work during the last few years has 
shown that ex vivo gene transfer techniques can provide an 
interesting alternative for long-term delivery of therapeutically 
active proteins, which may circumvent the drawbacks associated 
with chronic intracerebral infusions. In aged rats, intracerebral 
transplantation of cither fibroblasts (18) or immortalized neural 
progenitor cells (19, 20) engineered to secrete NGF has thus 
successfully been used to reverse cholinergic neuron atrophy and 
improve the aged rats' spatial learning performance in the Morris 
water maze task. These results show that cellular implants with an 
estimated secretion rate of 10-100 ng NGF/day, placed in either 
nucleus basalis or septum, are as efficient as intraventricular 
infusions of 1-6 /xg NGF/day, indicating that local cell-based 
delivery is a highly efficient route of administration of neurotro- 
phic factors. Polymer capsules containing NGF-secreting fibro- 
blasts have yielded similar results (21), but in this case the capsules 
were implanted intraventricularly. 

So far, all studies on intracerebral NGF delivery during 
aging have been concerned with amelioration of already 
established deficits in aged animals, and the maximum dura- 
tion of intracerebral NGF delivery has been 4 weeks in the 
studies using injections or infusions (sec table in rcf. 21). and 
10 weeks in the studies using ex vivo gene transfer (20). The 
present study was designed to investigate to what extent 
long-term local NGF delivery by transplants of NGF-secreting 
immortalized neural progenitor cells in nucleus basalis and 
septum, implanted in middle-aged rats at an early presymp- 
tomatic stage, can prevent the development of cholinergic 
neuron atrophy and behavioral impairments over the subse- 
quent 9 months, when the animals have reached advanced age. 

METHODS 

Neural Stem Cells for ex Vivo Gene Transfer of NGF. The 

production and characterization of the control- or NGF-secreting 
clonal cell lines used in the present work have been described in 
detail elsewhere (22); the parental neural stem cell line was the 
E16 rat hippocampus-derived HiB5 cell line (23), made to express 
NGF by retroviral transduction, by using a construct without 
internal promoters or marker/selection genes. Cells were cul- 
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tured in DMEM (GIBCO) supplemented with 10% fetal bovine 
serum, 2 mM glutamine. and 10,000 units/ml streptomycin/ 
penicillin. Before grafting, the cells were labeled in culture for 
72 h at 10 /xCi/mf with 'II -labeled thymidine (Amersham); for 

i i i 1 'is sii ii i 1 5 Ml l i I is prep 1 

by trypsinization from near to confluent monolayers. 

Animal Groups and Surgery. Eighty-three middle-aged ( 14- to 
16-month-old) female Sprague-Dawley rats were tested in the 
Morris water maze for spatial navigation performance during 1 
week, as previously described (19, 25), following a four-trials- 
per-day schedule (prcgrall test in Fig. 1/1). Forty-seven nonim- 
paircd animals [defined as those show ing a swim distance to find 
the hidden platform within the mean ± 2 standard deviations of 
the same score in a group of young (3-month-old) animals (;t = 
10)] were allocated to the following groups: intact (n = 10, no 
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Fig. 1. Experimental design and behavioral testing. (A) Schematic 
illustration of the cxpcnnienl.il schedule, from the pregrafting behavioial 
lest in the Moms water maze (WM) to the last test, performed at 9 
months postgrafting. During each WM lest, individual animals were 
trained for 5 days, four trials per day: the boxes represent the actual time 
required to test all the animals participating in the experiment. (/<) 
Performance in the WM le-a- ( distance swum to find the hidden platform, 
mean 2 SfiM), before grafting, and 4 and <> months postgrafting. Open 
squares, adult rats; open circles, int • eon-grail aged group: closed circles, 
NGF-grafted aged animals. For the 9-month postgrafting test, a two-way 
ANOVA reported significant differences among groups [F 2J i = II. 69, 
p = 0.0003). The asterisks in the diagram denote a significant difference 
among groups for individual testing days (P < 0.05, one-way ANOVA). 
For the 9-month test, ml -con was different from adult at all days but the 
first one and different from the NGF- group at days 3 and 5; the NGF 
group was not different from adult animals at days 1 and 2. and 4 and 5. 
(O) Temporal changes in task performance (average of data from days 
3-5) from mid- to advanced age The int t con-graft group did not 
improve performance with consecutive tests, whereas both NGF-graft 
and adult groups did A two-wav ANOVA reported significant differences 
both among groups and between tests (F;. :7 = 14.96, P = 0.0001. and h\n 
= 3.65, P = 0.033. respectively). One-way ANOVA indicated that all three 
groups were different from each other at the 9-month lest {}> ■ 0.05, 
posthoc Fisher PI SI.)) A one-tailed paired I test, comparing pregiaft vs. 
9-month lest values yielded significant differences for NGF-graft and 
adult groups, but not for the int+con-graft group (int+con-graft. P = 
0.4231; NGF-graft. P = 0.0159: adult, P = 0.0099). The intact and 
control-graft gioups did not differ m their performance in any of the tests 
(P > 0.05 in all cases). For C. the actual H n month test were: 
intact -= 3.8 ± 1.03 m, control-graft = 3.95 ± 0.76 m. (D) Performance 
in the DMTP test in the operant test apparatus: experimental groups did 
not differ either in the performance with no delays (one-way ANOVA at 
0 sec dclav. F, „, = 0.09, P = 0.77), nor at increasing delays (two-factor 
ANOVA: groups F u( , = 0.0053, P = 0.94; repeated measures, F\ l( , = 
1.8619. P 0.1 121). Overlapping SEM bars are omitted for clarity. 



transplantation surgery), control-graft (;; = 1 2, receiving grafts of 
unmodified HiB5 cells), or NGF-graft (n = 25, receiving a 
transplant of the NGF-secreting clone of HiB5 named E8 in 
previous studies; ref. 22). Ten of the behaviorally impaired 
animals were used for expression studies (see below), and the rest 
were allocated to a different study. 

All animals receiving grafts of neural stem cells were bilaterally 
implanted at both the medial septum (MS) and the nucleus 
basalis magnocellularis (NBM), receiving a total of 1.2 million 
cells (8 deposits x 150,000 cells per deposit). Details of the 
transplantation procedure can be found elsewhere (19, 20). 

Behavioral Testing. The animals were studied for their per- 
formance in a working memory/learning task in the water maze 
test, as described before (19. 25). Two postgrafting rounds of 
testing in the water maze were undertaken at 4 and 9 months 
postsurgery, each consisting of 5 testing days with four trials per 
day. The hidden platform remained in the same quadrant of the 
pool for the duration of the experiment, and starting locations 
were randomized. Spatial probe trials (removed platform) con- 
ducted at the end of day 5 in each test were not informative 
enough in the present experiment because of the low training load 
(two to three crossings over the 10-cm diameter platform loca- 

' Fourteen of the 47 animals died during testing, and at the 
time of perfusion noticeable spontaneously occurring pituitary 
tumors were found in 11 animals; they were, therefore, not 
considered in the final analysis. The final group composition 
was eight rats in the combined Intact + control-graft groups 
(three intact and five control-cells grafted), and nine in the 
NGF-graft group. Intact and control animals were combined 
in a single group because they did not differ in either perfor- 
mance in any of the behavioral tests nor in the histological 
analysis. Ten adult animals (3 months old) were taken in 
parallel (12 months old at the end of the experiment). 

Testing in the operant test apparatus for the standard 
delayed-matching-to-position (DMTP) task was performed as 
described (24); 6 intact, 6 control-graft, and 14 NGF-grafted 
animals randomly sampled from the whole groups were tested; 
learning of the task took 10 weeks for the aged animals (at an 
age of 20-23 months); no difference was observed between the 
groups either during the learning period or in the level of 
performance at the end of the test. 

Histology. After completion of the experiment the animals 
were mtracarclially perfused with ice-cold buffered parafor- 
maldehyde and their brains were sectioned for histological 
assessment of number and size of the forebrain cholinergic 
neurons after immunoslaining for the p75 NrR neurotrophin 
receptor by using a monoclonal mlib I i Ucd from the 
192-IgG hybridoma line (courtesy of h. Johnson, Washington 
University, St. Louis, MO). Sections were analyzed by using 
the CAST (computer-assisted stereological toolbox)-GRID soft- 
ware (Olympus, Denmark) operating an Olympus microscope 
equipped with a motorized stage. Both MS and NBM (defined 
as in refs. 19, 20. and 22) were bilaterally examined, and the 
results of the morphometric analyses are given as total cell 
counts for both sides combined. 

Reverse Transcriptase (RT)-PCR Detection of Transgcne Ex- 
pression. Long-term in vivo expression of the NGF-coding ret- 
roviral vector and significant production of NGF bioactive pro- 
tein b\ the grafted cells (assessed both as protein and bioaclivity) 
have previously been demonstrated as long as 10 weeks post- 
grafting (19, 20, 22). To answer the question of whether or not the 
retroviral vector in the NGF-secreting neural stem cells could be 
expressed for the duration of the experiment at the target regions 
in the grafted brain, an independent group of 10 animals was 
bilateralh implanted into the NBM, as above, with control or 
NGF-secreting cells (left or the right hemisphere, respectively: 
septal grafts were not used because of the easiness of contami- 
nation of the control-grafted hemisphere with NGF-cells at this 
location): one animal died during the 9-month postoperative 
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period, three rats were sacrificed at 4 months, and the remaining 
six were sacrificed at 9 months postgrafting. Dissected frozen 
tissue containing the NBM region was processed for RT-PCR of 
the retroviral mRNA (19, 20, 22); two micrograms of total RNA 
was reverse-transcribed to cDNA. and one-fourth of the RT 
products were subjected to amplification by PGR by using a 
primer set that specifically amplifies the retroviral transcript 
coding for mNGF in the NGF-slem cells (see ref. 22 for further 
methodological details and sequences). PCR products were sep- 
arated by agarose electrophoresis, transferred to nylon mem- 
branes, and hybridized with a specific probe. POLYAS36, di- 
rected against the cloning site in the retroviral plasmid (22). 
Standards were generated by mixing known number of cells taken 
from fresh, dividing cultures with an equal weight ol ral brain 
tissue (from intact animals) equivalent to the dissected pieces 
from grafted animals and run in parallel with the experimental 
samples. 

RESULTS 

NGF Prevents the Development of Cognitive Impairments 
with Aging. Middle-aged Sprague-Dawley rats were tested in 
the Morris water maze to select those showing no signs of 
impairments (within 2 SD of the young control group). Con- 
sistent with previous reports (25). we found 36 animals that 
were already impaired (43',-;, of the population) and 47 non- 
impaired animals (57%). After grafting, the animals were 
subsequently tested for their performance in the same task 4 
and 9 months later (see scheme in Fig. \A), the last test being 
performed at the age of 23-25 months. 

The control animals not receiving any extra neurotrophic 
support (int + con group) developed the expected deficits in the 
water maze task; by the end of the 9-month period, the distance 
swum to find the hidden platform was 4.26 ± 0.65 m, which was 
significantly longer when compared with the adult animals 
(0.84 1 0.13 m) [P < 0.05, one-way ANOVA. post-hoc Fisher 
probable least-squares difference (PLSD)] (Fig. IS). In con- 
trast, the aged animals receiving NGF-producing cell implants 
maintained their performance at a level not significantly 
different from adult animals (swim distance = 1.97 ± 0.44 m, 
P -■ 0.05) and significantly different from the int + con-graft 
group (P < 0.05). Combined analysis of the three consecutive 
tests (average of data from days 3 to 5, Fig. IC) indicated that 
both the adult and NGF-graft groups improved their perfor- 
mance as a consequence of increased training, resulting in a 
reduced swim distance (and escape latency) to find the hidden 
platform at the end of the experiment. In contrast, the int+con 
graft rats did not improve their performance in spite of 
receiving the same training load (one-tailed, paired t test 
comparing the average performance of days 3-5 from the 
pregraft test to the 9-month test: adult, P < 0.01; aged 
int + con-graft, /' t 0.4231; aged NGF-graft, P = 0.0159). 

Swim speeds did not differ among experimental groups in any 
of the tests (day 5, int+con vs. NGF; pretest, /' - 0. 1433: 4-month 
test, /' - 0.6397; 9-month lest, P = 0.3278), which indicates that 
the differences in performance in the water maze task were not 
due to motor deficits, and that the improvements observed in the 
NGF-grafted rats are not due to NGF effects on this parameter. 
Motor coordination and attention were studied in more detail in 
an operant test apparatus by using the delay ed-matching-to- 
position (DMPT) task, where both groups of aged rats reached 
more than 90% performance after a training period of 10 weeks 
(percentage of correct choices int + con-graft = 90.8 ± 5, NGF- 
graft - 927 ± 3.7, one-way ANOVA at 0 sec delay, F,, t6 = 0.09, 
P = 0.77) (Fig. ID); analysis of nose-poke frequency indicated the 
same degree of attention to the task in both groups of animals 
(1.59 ± 0.17 and 1.77 + 0.15 pokes per sec, int + con-graft and 
NGF-graft group, respectively). Body weight at the end of the 
experiment did not differ between groups (int+con graft = 395 ± 



19 g; NGF-graft = 386 ± 19 g), and mortality rate was equal in 
the two groups (see Methods). 

Long-Term Survival of the Grafted Immortalized Progen- 
itors and Persistent Transgenc Expression. Nine months 
postgrafting. after completion of the behavioral tests, Tl- 
labeled thymidine autoradiography revealed viable grafts in all 
animals transplanted with either control or NGF cells (Fig. 2). 
As observed in previous studies, the grafted stem cells had 
integrated into the host brain within a radius of approximately 
1-1.5 mm around the implantation site, both in the NBM 
region (Fig. 2/1) and in the MS (Fig. 2B), thus covering those 
regions where the NGF-sensilive basal forebrain cholinergic 
neurons are located. The grafted cells were found cytoarchi- 
tecturally well integrated in the host tissue, some of them in 
close apposition to the neuronal cell bodies (Fig. 2C). 

R'l'-PCR assessment of expression of the retroviral transcript 
coding for NGF in tissue samples from the grafted NBM region 
(Fig. 3) revealed expression of the NGF transgene in two of three 
rats at 4 months and in three of six rats at 9 months postgrafting. 
This extends our previous observations, where continued in vivo 
expression of NGF was shown at both the RNA and protein level 
at 10 weeks after transplantation in the NGF-IIiB5 cells (19, 20). 

NGF Prevents the Age-Induced Cholinergic Neuron Atrophy. 
Histological examination of the target neurons detected by im- 
munohistochemistry for the low-affinity neurotrophin receptor 
(p75 NIK ) provided data m support of the behavioral differences 
among int + con-grafted and NGF-grafted animals. The present 
strain of animals does not undergo any significant reduction in the 
number of basal forebrain cholinergic neurons with aging, al- 
though the animals display a marked cholinergic neuronal atro- 
phy, as assessed with stereological techniques (19, 20). Although 
the int t con-graft aged animals showed a reduction of cell size of 




Fig. 2. Survival and integration of transplanted neural stem ceils. 
Dark-field images of autoradiograms of pH]thymidine-labeled NGF- 
secreting cells grafted into the NBM or MS region (A and B). The cells 
had migrated out from the original implantation site and become 
integrated in the surrounding brain parenchyma (ic. internal capsule; 
gp, globus pallidus; ac, anterior commissure: arrowhead in B denotes 
the midline). (C) A bright field view of a Nissl-stained section at the 

ing grafted cell i r i 

arrows) intermingled with host neurons (arrowheads). [Bar = 100 ftm 
(A and B) or 15 urn (C).] 
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FlCi. 3. RT-PCR amplification of the retroviral NGF transcript dem- 
onstrates long-term in viu, expression in samples from grafted animals. 
These animals received control- or NGb-sccreting neural stem cells in the 
left (L) or right (R) hemispheres, respectively, and were sacrificed at 4 or 
9 months poslgraftinu. Amplification of the retroviral transcript was 
performed on RNA extracted horn frozen, dissected tissue blocks, file 
standards were prepared in ptrrtillel, by using known amounts of cells ( lib 
to 10 s ) taken from dividing cultures and mixed w nil iat brain tissue before 
RNA isolation. Lane labeled as RT corresponds to the standard 
containing the highest amount of NGF cells, subjected to mock reverse 
transcription (in the absence of reverse transcriptase) and then run in 
parallel to the oilier samples tor the FCR amplification. Molecular weight 
standards are Boehringer Type VF 

about 25% in both MS and NBM compared with the 12-month- 
old adult animals (see Table I), the NGF-cell-gratied aged 
animals did not show any sign of neuronal atrophy (6-8% 
increase above values seen in the adult animals, nonsignificant). 
In addition, an extensive p75 NTR immunoreactive network of 
processes that did not differ from that normally present in adult 
animals was present in MS and NBM in the NGF-cell-grafted 
aged animals but not in the int+con-graft aged rats (Fig. 4). 

DISCUSSION 

The present results demonstrate that continuous local supply of 
transgenic NGF from implanted neural progenitors into middle- 
aged cognitively unimpaired rats can prevent the appearance of 
age-induced decline in cognitive function as assessed in the spatial 
navigation task. In previous studies NGF has been administered 
over a 4- to 10-week period to already impaired aged animals by 
using either implants of NGF-secrcting cells (18-21, 26) or 
intraventricular infusions of the neurotrophic factor (5-8, 10). 
These studies had shown that neurotrophic stimulation of either 
of the two principal basal torebrain cholinergic cell groups (MS 
and NBM) can reverse cholinergic neuron atrophy and signifi- 
cantly improve the performance of cognitively impaired aged rats 
in the water maze task. Here we report that similar local, low-level 



delivery of NGF, initiated at a presymptomatic stage, can prevent 
the appearance of both structural and behavioral changes during 
the subsequent 9 months. Local NGF administration by NGF- 
secrcting neural progenitors did not seem to induce any adverse 
behavioral side-effects: supply of transgenic NGF to nonimpaired 
middle-aged rats did not improve the rat's performance above 
that seen in the nongrafted controls, nor did the NGF cells cause 
any behavioral impairments in either the water maze or the 
DMPT task, which is in contrast to what has previously been 
reported after implantation of NGF-secreting fibroblasts or di- 
rect intracerebral NGF infusions in young subjects (8, 18). 

The immortalized neural progenitor cell line used here, HiB5, 
exhibits highly suitable properties for intracerebral transplanta- 
tion. In particular, the ability of IIiB5 cells to differentiate into 
glia-like cells and stably integrate into the host brain makes them 
very well suited for ex vivo gene transfer to the CNS. Previous 
results show that the grafted HiB5 cells may divide two to three 
limes during the first 5 days after implantation; during this time 
they migrate out from the site of implantation to become fully 
integrated into the surrounding host tissue within an area with a 
radius of about 1-1.5 mm. The cell number and distribution 
attained within the first 2 weeks after grafting remain stable over 
the subsequent months (22, 28). The in vivo expression of the 
NGF transgene in the NGF-transduced 1 UB5 cells used here has 
been examined in some detail. Previous results indicate that 
NGF-mRNA expression in the grafted cells is reduced by about 
one order of magnitude within the first 1-2 weeks after grafting 
but the level of expression then is maintained at a seemingly stable 
level for at least 10 weeks (19, 22). Consistent with the PGR data, 
NGF bioassay and NGF ELISA determinations have demon- 
strated significant bioaetivc NGF protein levels in the grafted 
region at both 4 and 10 weeks after transplantation (19, 20). The 
present results demonstrate that the retroviral vector is still 
expressed in vivo 9 months after transplantation. Comparisons of 
the present results with previous analyses performed at shorter 
survival times do not suggest any substantial change in expression 
between 2 and 9 months postgrafting, although the negative PGR 
data obtained in some of the present animals (1/3 at 4 months, 
3/6 at 9 months) may be taken to indicate that the NGF 
expression may become more variable at the longest survival 

The NGF secretion rate of the present NGF-H1B5 transplants 
can be estimated at about 150 ng/day on each side (see rets. 19, 
20, and 22 for further discussion). By bioassay and NGF-ELISA 
determinations, the grafted cells have been shown to provide a 
sustained increase in the tissue NGF content in the grafted NBM 
area, up to the level normally seen in hippocampus or cortex as 
assessed at 4 and 10 weeks postgrafting ( 1 9, 20). Even though the 
NGF production of the grafted cells may decline in some animals 
at longer survival times, we propose that the local supply of low 
levels of the neurotrophic factor from cells located in the imme- 
diate vicinity of the cholinergic target neurons, as obtained here, 
is sufficient to exert a long-lasting neuroprotective effect during 
aging. 



Table 1 Morphometric analysis of p75 v ™-immunoreacli\c neurons 

Medial septum Nucleus basalis 

Cell volume. Cell volume, 

G roup Cell counts jim 3 Cell counts |tm J 

Adult (12 months old) 5,269 ± 355 7,381 m 256 6,126 ± 271 11,332 ± 604 

Int + con-graft (aged) 5,084 ± 292 5,554 ± 463** 6,418 ± 318 8,640 ± 293* 

NGF-graft (aged) 4,924 ± 314 7.847 ± 662 6,082 ± 473 12,193 ± 433 

Intact and control-graft groups did not differ in anv of the measured parameters (/' > 0.05). Medial 
septum: cell counts, intact = 5,451 (>84. control-graft = 4,810 ± 488 cells; volume, intact = 5.524 ± 
1,117 nm', control-graft = 5.576 ± 356 /urn 3 . Nucleus basalis: cell counts, intact = 6,361 ± 671 cells, 
control-graft = 6.462 359 cells; volume, intact = 8,271 ± 582 pm\ control-graft = 8,918 ± 269 /nm 3 . 
' Different from adult, P < 0.05. one-way ANOVA post-hoc Fisher PLSD. 
^Different from NGF-graft, P < 0.05, one-way ANOVA post-hoc Scheffe F-test. 
tDifferent from adult and NGF-graft, P < 0.05, one-way ANOVA post-hoc Scheffe F-test. 
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The results presented here thus demonstrate the usefulness of 
the ex vivo gene transfer approach for long-term intracerebral 
delivery of neurotrophic factors, as compared with other alter- 
native methods of administration. Systcmicallv administered neu- 
rotrophic factors are not able to cross the blood-brain barrier 
(BBB), and their diffusion through the brain parenchyma is 
limited (29), which creates steep concentration gradients when 
delivered from a point source (30). indeed, NO I- itself has a short 
half-life (45 min) when delivered to the brain interstitium (31), 
and its in vivo effects disappear after a few days following 
administration (32). An alternative to intracerebral delivery is the 
use of conjugates of trophic factors to antibodies (anti-transferrin 
receptor-NGF) (9, 33) that would make them transported across 
the BBB by virtue of specific receptors; however, this strategy 
results in a nontargcted delivery of the trophic factor to all parts 
of the nervous system (33). Although behavioral effects have 
been obtained in aged animals by using this approach (9), 
complications may arise because most neurons in the peripheral 
nervous system are endowed with (often multiple) sets of neu- 
rotrophin receptors that regulate their survival, growth, or func- 
tion (12, 34), Additionally, outside the nervous system there arc 
other systems that may be r esponsiv e to systemically administered 
neurotrophic factors, as is the case for memory B lymphocytes 
and NGF (35), 

Age-related changes in the forebrain cholinergic system pro- 
vide a well characterized and highly useful experimental model of 
progressive neurotic-generation, associated with severe cognitive 
decline analogous to dementia in man. This study makes use of 
this model to explore the efficacy of long-term, low-level targeted 
intracerebral delivery of a neurotrophic factor as a potential 
therapeutic strategy to prevent the appearance of both morpho- 
logical changes and behavioral decline associated with advanced 



age. The results suggest that targeted gene transfer to vulnerable 
oi affected brain regions can prov ide interesting new possibilities 
to achieve long-term delivery of therapeutic proteins within the 
CNS. Cholinergic neuron atrophy and degeneration is prominent 
in patients with Alzheimer disease (AD), and although neuro- 
degeneration is widespread in AD, cholinergic neuron dysfunc- 
tion is believed to play a role in the development of cognitive 
symptoms, particularly in the early stages of the disease (1). 
Animal experiments indicate that the basal forebrain cholinergic 
system is an important modulator of cortical and hippoeampal 
functions and that the subcortical cholinergic afferents play a 
normal physiological role, e.g., in regulation of attentional pro- 
cesses and short-term spatial or working memory (J, 4). Consis- 
tent with this view, it has been shown that selective damage to the 
basal forebrain cholinergic system (obtained by local injections of 
the 192IgG-saporin immunotoxin) induces pronounced and long- 
lasting impairments in the rats' performance in spatial learning 
and short-term memory tasks: however, these effects are seen 
only after extensive lesions, which remove >80-85% of the 
cholinergic neurons in both NBM and the septal-diagonal band 
area (24, 36, 37). Less extensive lesions, or lesions restricted to 
either ol the two projection systems, have only marginal effects in 
these tasks (38-40). Because the forebrain cholinergic system in 
aged rats is largely spared, though in an atrophic state, it seems 
likely that the age-dependent behavioral impairments may reflect 
dysfunctions in both cholinergic and noncholincrgic systems. The 
behavioral improvements obtained after intracerebral adminis- 
tration of NGF, therefore, could be due to effects mediated not 
only by its known neurotrophic actions on the forebrain cholin- 
ergic neurons, but also by effects on other systems in the brain (cf. 
ref. 41). 
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Fig. 4. NGF prevents the age-induced atrophy of forebrain cholinergic neurons. The photomicrographs illustrate p75 NTR immunostaining at 
the level of the NBM (Upper) and MS {Lower) in sections from intact adult or aged animals grafted w ith control- or NGF-secrcting neural stem 
cells. Note the increased cell body size and intensity of immunostaining of both the neuronal soma and the surrounding network of processes in 
the NGF-grafted animal. As illustrated in Fig. 2, the grafted cells (not visible here) were cytoarchitecturully inregrated in the target region and 
did not cause am abnormality in the anatomical patterns of the region receiving rhe graft. (Bar = 200 jun.) 
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Although the cellular and behavioral effects of NGF reported 
here may readily be explained by a direct action of the neuro- 
trophin at the p75 NTR and TrkA receptors, both present in 
forebrain cholinergic neurons, other indirect beneficial actions of 
NGF should be considered as well. In the brain of both aged 
individuals and AD patients, inflammation is being recognized as 
an important component of a pathophysiological mechanism, 
contributing to both normal aging and the progression of the 
disease (42, 43). Interestingly. NGF has been shown to modulate 
excitotoxic processes in vim. leading to a substantial rescue of 
striatal projection neurons that lack any NGF receptor, through 
a mechanism that could be related to the control of microglial and 
glial responses to injury, which are central to the inflammatory 
process (44, 45). Other possible NGF actions, such as preserva- 
tion of mitochondrial function against oxidative stress, may be 
applicable as well (46). It is conceivable, therefore, that a com- 
bined trophic and anliinflammator) mechanism mas be impor- 
tant for the neuroprotective effects seen in the present experi- 
mental paradigm. 

In conclusion, the present results provide evidence in support 
of the hypothesis that sustained local supply of a neurotrophic 
factor at the cell body level can retard or diminish the normal 
age-induced progressive degenerative changes in the forebrain 
cholinergic system to a level where no cellular or behavioral 
changes can be detected at advanced age. The results show, 
moreover, that genetically modified neural progenitor cells, by 
virtue of their integrative properties and stability in the adult or 
aged brain, are highly useful vehicles for continuous local admin- 
istration of trophic factors to defined target areas within the CNS. 
Impression of the high-affinity NGF receptor trkA gene is de- 
creased in both AD patients and aged rats, resulting in an 
impaired retrograde NGF transport in the basal forebrain cho- 
linergic system ( 47, 48). The ex vivo gene transfer of NGF locally, 
at the cell body level, therefore may be particularly well suited in 
the context of age-related neuronal atrophy, because it will 
circumvent those disease-related pathological processes that af- 
fect uptake and retrograde transport of the trophic factor from 
remote target areas. This approach also may have implications for 
the design of therapeutic strategies for other progressive neuro- 
degenerative conditions, particularly those that arc characterized 
by protracted deterioration of defined subsets of neurons within 
the CNS. 
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ABSTRACT Nerve growth factor (NGF) stimulates func- 
tional recovery from cognitive impairments associated with 
aging, either when administered as a purified protein or by 
means of gene transfer to the basal forebrain. Because gene 
transfer procedures need to be tested in long-term experi- 
mental paradigms to assess their in vivo efficiency, we have 
used ex vivo experimental gene therapy to provide local 
delivery of NGF to the aged rat brain over a period of 2.5 
months by transplanting immortalized central nervous sys- 
tem-derived neural stem cells genetically engineered to secrete 
NGF. By grafting them at two independent locations in the 
basal forebrain, medial septum and nucleus basalis magno- 
cellularis, we show that functional recovery as assessed in the 
Morris water maze can be achieved by neurotrophic stimu- 
lation of any of these cholinergic cell groups. Moreover, the 
cholinergic neurons in the grafted regions showed a hyper- 
trophic response resulting in a reversal of the age-associated 
atrophy seen in the learning-impaired aged control rats. 
Long-term expression of the transgene lead to an increased 
NGF tissue content (as determined by NGF-ELISA) in the 
transplanted regions up to at least 10 weeks after grafting. We 
conclude that the gene transfer procedure used here is effi- 
cient to provide the brain with a long-lasting local supply of 
exogenous NGF, induces long-term functional recovery of 
cognitive functions, and that independent trophic stimulation 
of the medial septum or nucleus basalis magnocellularis has 
similar consequences at the behavioral level. 



Aging in rodents is associated with a progressive decline in 
learning abilities, memory storage and use of spatial informa- 
tion (1-4), and associated with a hypofunction of the cholin- 
ergic forebrain system, with the neurons in the medial septum 
(MS) and nucleus basalis magnocellularis (NBM) region being 
most affected and displaying a marked degenerative atrophy 
(2, 4-11). Memory impairments correlate with cholinergic 
atrophy in forebrain nuclei (7, 10, 12, 13), and both can be 
reversed by the exogenous administration of nerve growth 
factor (NGF) or neurotrophin-3 (NT-3) (6, 9, 14-22). Con- 
versely, administration of anti-NGF antibodies induces mem- 
ory impairments and cholinergic neuron atrophy in the adult 
brain (23, 24). The similarities between the age-associated 
changes in the cholinergic system seen in rodents and the 
neurodegeneration that occurs in normal aging and in Alz- 
heimer disease in humans (25-30) have raised the possibility 
that exogenous supply of NGF to the aged brain could be 
effective as a clinical therapy for the amelioration of cognitive 
impairments and atrophic neuronal changes. However, the 
identification of optimal routes for long-term administration 
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of NGF or other therapeutic proteins to the central nervous 
system remains a major challenge (31-33). Continuous intra- 
cerebral infusion of NGF delivered from minipumps is of 
limited duration and requires a permanent cannula implanta- 
tion, a procedure that causes chronic trauma and inflamma- 
tion. NGF can be made available to the brain after conjugation 
to other proteins that can be recognized at the blood brain 
barrier and transported to the brain side (34, 35); this ap- 
proach, though proven useful, results in a nonlocal NGF 
supply, generally in a low dose range and of very limited 
time-duration (35). 

Cell-based gene transfer represents an interesting alterna- 
tive to these procedures for long-term intracerebral delivery of 
therapeutically active proteins in that it may circumvent the 
drawbacks associated with chronic intracerebral infusions or 
injections. Fibroblastic cell lines (encapsulated in some cases), 
primary fibroblasts, and central nervous system-derived neural 
progenitors have been used to deliver NGF to the rodent or 
primate brain, and have been shown to exert neurotrophic 
effects on lesioned cholinergic neurons of the basal forebrain 
(36-41) and, in rodents, recovery from age-related cognitive 
impairments (14, 19). For any gene transfer procedure, how- 
ever, it is important to demonstrate that the functional effects 
are long-lasting and that it allows for stable in vivo transgene 
expression that leads to increased levels of the transgenic 
protein in the brain. The present study was undertaken to 
examine these two essential aspects of NGF gene transfer to 
the aged rat brain after transplantation of a clonal neural stem 
cell line genetically engineered to synthesize and secrete NGF 
(14, 36). We report here that this ex vivo gene transfer 
approach can be used to ameliorate behavioral deficits in rats 
for extended time periods, up to 2.5 months, that it is useful in 
animals of advanced age, and that it provides the target region 
with an increased amount of NGF protein (as determined by 
ELISA). Furthermore, we show that local, independent stim- 
ulation of cholinergic neurons in the MS and NBM is sufficient 
to produce a sustained improvement in the ability of the 
animals to perform the task. 

MATERIALS AND METHODS 
Gene Transfer. Ex vivo gene transfer of NGF was performed 
by transplanting control (clone Dll) or NGF-secreting (clone 
E8) conditionally immortalized neural progenitors as de- 
scribed (36). A brain-derived neurotrophic factor (BDNF)- 
producing clone (C7) engineered in the same way to secrete 
hBDNF (h, human) (42) was used in one group of animals to 
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control for specificity of the neurotrophic effects. A detailed 
characterization of these neural progenitor cell lines in vitro 
and in vivo after transplantation can be found elsewhere (14, 
36, 42, 43). Cells were cultured in DMEM containing 10% fetal 
bovine serum, 2 mM glutamine, and 10,000 units per ml of both 
penicillin and streptomycin. For transplantation, cell suspen- 
sions in Hanks' balanced salt solution (GIBCO) at 100,000 
cells per jxl were prepared by trypsinization and used within 3 
hr. The cells were labeled for 72 hr before grafting with 
[ 3 H]thymidine [10 fiCi/ml (1 Ci = 37 GBq), Amersham]. 

Animal Groups and Surgical Procedures. The animals used 
in this study were 18 young (3 months old) and 54 aged female 
Sprague-Dawley rats that were housed and treated following 
institutional guidelines. Before grafting, 10 young rats and 90 
aged animals (24 months old) were tested in the Morris water 
maze (15). Ten aged rats were classified as nonimpaired in the 
task, and 35 aged impaired animals were further subdivided 
into the following groups: Control (receiving a graft of Dll 
cells into the septum, n = 6, or NBM, n = 5), NGF cells in MS 
(grafted with E8 cells bilaterally into the MS, n = 9), NGF cells 
in NBM (grafted with E8 cells bilaterally into the NBM region, 
n = 7), and BDNF cells in the NBM (grafted with C7 cells 
bilaterally into the NBM region, n = 8). Coordinates for the 
different transplants were as follows: NBM: (TB +5.0) AP = 
+0.2, ML = ±3.4, V(d) = -7.0 and AP = +1.0, ML = ±2.6, 
V(d) = -7.3; MS: (TB -2.0) AP = +0.5, ML = ±0.6, V(d) 
= -7.0 and -6.7. Four deposits (two on each side) were placed 
in either the MS or in the NBM region; a total of 400,000 cells 
(100,000 cells in 1 /j,1 per deposit) were injected in each rat. 
Because the animals grafted with control cells in the MS or 
NBM regions did not differ during behavioral testing, they are 
treated as a single combined control-graft group. The aged 
animals that were used to demonstrate long-terra expression of 
the transgene [13 rats for NGF ELISA measurements and 4 
rats for reverse transcription-PCR (RT-PCR) amplification of 
the retroviral transcript) were either rats that did not fit the 
criteria for inclusion into the nonimpaired or impaired groups, 
or animals with a swimming speed lower than 0.11 m/s (the 
only parameter used to exclude animals from the test). Eight 
young rats bilaterally grafted with control- or NGF-cells in the 
NBM in different hemispheres were used for NGF-ELISA 
determination from tissue samples. All animals were sacrificed 
10 weeks after grafting once the behavioral experiment was 
completed; out of 54 transplanted aged rats, only four rats died 
during the experiment (from 25 to 27-28 months old). 

Long-Term Behavioral Test. Animals were tested for spatial 
learning and memory in the Morris water maze test (44) and 
were given daily blocks of eight trials with a cut-off time of 60 s. 
The tests were arranged as follows (see Fig. 1): pretest, used 
to allocate the animals to the different experimental groups 
during a 5-day testing schedule; test 1, starting 8 days post- 
surgery (PS) consisting of 5 days of testing; test 2, performed 
7 weeks after grafting with a duration of 3 days; test 3, starting 
the day after the finish of test 2 (day 53 PS) with a duration of 
16 days (3 days of testing, 10 days of rest, and another 3 days 
of testing); visible platform test was performed on the day after 
test 3 and lasted 1 day (day 71 PS). 

The submerged platform was located in the southwestern 
quadrant of the pool during the pretest, test 1, and test 2, and it 
was changed to the northeastern quadrant for test 3 to study the 
ability of the rats to relearn the task. Spatial probe trials (removed 
platform) were given at the end of day 5 in the pretest and test 
1, and at the end of days 3 and 16 during test 3. 

Analyses of Transgene Expression in Vivo. Ten weeks after 
grafting (day 72 PS), the animals were killed under halothane 
anaesthesia, and their brains were quickly removed and frozen 
under crushed dry ice; the selected regions were dissected at 
subzero temperatures. RT-PCR amplification of the NGF- 
coding retroviral transcript was performed on total RNA 
extracted from these pieces of grafted tissue (14, 36). NGF 



ELISA assay was applied in parallel tissue samples following 
described procedures (45) using a monoclonal anti mouse -0NGF 
antibody 27/21 as a capture antibody and a sandwich 27/21-/3- 
galactosidase-conjugate antibody (Boehringer Mannheim). 

Histology. Animals that participated in the behavior exper- 
iment (together with the young control subjects) were perfused 
at the end of the experiment with buffered 4% paraformal- 
dehyde and their brains were sectioned at 40 |xm thickness; 
[ 3 H]thymidine autoradiography, immunohistochemical stain- 
ing for the low-affinity Neurotrophin receptor (p75 NTR ), and 
stereological assessment of cell numbers and volumes in the 
MS and NBM regions were performed following standard 
procedures (14, 36, 46). 

RESULTS 

Long-Term Recovery from Age-Associated Learning and 
Memory Impairments. Before grafting, the aged animals were 
tested in parallel with a group of young (3 months old) rats and 
classified as nonimpaired or learning impaired on the basis of 
previously defined criteria (ref. 15; escape latency for the 
nonimpaired rats was within the mean ± two standard devi- 
ations of the young group during the last 2 days of the test) 
(Fig. 1 ). Starting on day 8 PS, the animals were tested for 5 days 
in the water maze for their spatial navigation performance; 
during this week (test 1), overall, the NGF-grafted rats per- 
formed better than the control-grafted animals (Fig. 1). Both 
NGF-grafted groups were not different from the nonimpaired 
rats, whereas the control-grafted animals remained impaired. 
The animals transplanted in the MS were significantly better 
than the controls at the beginning of the test, and the NBM- 
grafted rats showed a nonsignificant trend to reduced escape 
latency in this initial test. Eight weeks after grafting, during test 
2 (starting on day 50 PS) and regardless of the location of the 
transplant (MS or NBM), the NGF-grafted animals showed a 
further reduction in the time to find the platform and were 
indistinguishable from the nonimpaired animals, and signifi- 
cantly different from the control-graft group. 

In the subsequent test 3, the platform was moved to a new 
location to study the rats ability to relearn the task; after this 
change, all groups showed an increase in the escape latency 
parameter (repeated measures ANOVA, Fi, 30 = 37.1, P = 
0.0001, effect of day, day 3 of test 2 versus day 1 of test 3), 
indicating that the rats were using a spatial strategy to find the 
platform at the end of test 2. In test 3, all groups reduced their 
escape latency scores to the level seen at the end of test 2 (P = 
0.0003, Fi,3o = 17, for repeated measures), showing that they 
could learn the reversal task using new spatial extra maze cues. 

The animals were also tested for their ability to remember 
the location of the hidden platform in the spatial probe trials 
(removed-platform), performed at the end of the pretest, test 
1 and twice during test 3 (Table 1): Both groups of NGF- 
transplanted rats had a score as low as the control-grafted 
animals in the pretest, but improved their spatial acuity 
(number of crossings over the former platform site, indicating 
focused search) significantly during test 3 in two different trials 
(days 3 and 16 of test 3), demonstrating that the NGF-grafted 
groups had improved their ability to remember the platform 
location. In the first day of test 3, when the platform location 
was changed, the nonimpaired and both NGF-grafted groups 
showed during the first swim a marked focused search, result- 
ing in a higher number of crossings over the former platform 
location (Table 1). In the spatial probe trials during test 3 
(analyzed as the average of the trials at days 3 and 16), the 
nonimpaired rats and both NGF-groups, but not the impaired 
control animals, displayed significant focus over the new 
platform site, indicating that the improved spatial learning was 
maintained for at least 10 weeks in the rats receiving NGF- 
cells.The same results were obtained when analyzing swim 
distances, and, consistent with this, the swimming speeds did 
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Table 1. Platform crossings in spatial probe trials 




Days of Testing 

Fig. 1. Spatial memory testing. (Upper) Time course of the exper- 
iment and subjects age during the testing; the indicated days PS refer 
to the start of each test. (Lower) Nonimpaired rats (□), animals grafted 
with control-cells (O), and two groups of animals grafted with NGF- 
cells (•) in the MS (upper plots) or NBM region (lower plots) were 
tested for spatial navigation in the water maze. The diagram shows the 
escape latency scores to find the platform during the pregraft session 
(pretest) and two postgrafting tests, performed during the second (test 
1) or eighth week (test 2) after surgery. During the pretest, the 
nonimpaired group was significantly different (P < 0.05) from the 
other groups during days 2, 4, and 5. Young animals tested in parallel 
did not differ from the nonimpaired group at any day during the 
pretest (the performance reached by the young group on the 5th day, 
10 ± 1.3 s, is shown for comparison as a dotted line). After grafting, 
the control-group was still different from the nonimpaired group and 
the NGF-groups improved their performance to the extent that they 
were no longer different from the nonimpaired group (*); on the days 
indicated by (t), the NGF groups were significantly different from the 
control-graft group and not from the nonimpaired (P < 0.05, one-way 
ANOVA, post hoc Fisher pairwise least significant difference). 

not differ among groups during the experiment. Moreover, in 
the visible platform test, there were no differences in escape 
latency among groups (F 3 ,3 0 = 1.01, P = 0.404, one-way 
ANOVA). Thus, the improved task performance seen in the 
rats receiving grafts of NGF-secreting cells could not be 
ascribed to differences in motor performance. 

An additional group of animals was grafted in the NBM 
region with a similar cell line engineered to secrete BDNF 
(42); this BDNF-graft group did not show any improvement in 
any parameter during the testing, being in all cases similar to 
the control group (data not shown). 

MS Versus NBM Location of the NGF-Producing Cell 
Grafts. Throughout testing, no clear-cut differences were 
found between the animals transplanted in the MS or the NBM 
region in either escape latency or the number of crossings over 
the former platform site. During test 3, the number of crossings 
in the spatial probe trial showed that both NGF-graf ted groups 
were clearly improved compared with the control-grafted rats, 
and they were not different from the nonimpaired animals 
(Table 1). However, the NGF-graf ted groups were slightly 
different from each other in the escape latency parameter 
during the relearning (test 3, after changing the location of the 
platform). Thus, the NBM-graft group performed similarly to 





Pre test 


Test 1 


Test 3» 


Test 3 b 


Nonimpaired 0 


3.8 ± 0.3* 


5.1 


±0.4* 


3.6 ± 0.7* 


4.2 


±0.5* 


Control MS and NBM 


2.2 ± 0.4t 


3.1 


±0.7+ 


1.1 ± 0.4t 


1.5 


±0.3t 


NGF-MS 


1.6 ± 0.3+ 


2.6 


±0.5t 


3.2 ± 0.6* 


4.1 


±0.5* 


NGF-NBM 


1.4 ± 0.5* 


5.4 


±0.9* 


3.8 ± 1.0* 


3.0 


±0.6* 



Different from control-graft (*) or nonimpaired (t), P < 0.05, 
one-way ANOVA Fisher PLSD post hoc test. Values are given as 
mean ± SEM. 

•Number of crossings over the southwestern location (used as platform 
'n previous tests), once the platform was shifted to northeastern 



for te 



the control group, whereas the MS-graft group was indistin- 
guishable from the nonimpaired rats (data not shown). 

Long-Term in Vivo Expression of the Transgene. NGF 
protein was quantified in tissue pieces dissected from animals 
grafted in the NBM with control- or NGF-cells and compared 
with other brain regions; the hippocampus and cortex were 
used as high-NGF content controls and ventral mesencephalon 
as low NGF-content tissue. The amount of immune-detectable 
NGF protein in an ELISA assay is shown in Table 2, both for 
young (4 weeks after grafting) and aged animals (10 weeks 
after grafting). The NGF levels in the NGF-grafted regions 
were clearly higher than in the control grafted-tissue (increas- 
ing 1.55- and 2.64-fold in young and aged rats, respectively, P = 
0.01 in both cases). Compared with the NGF content in the 
cortex (100% at each age), the NGF values recorded in the 
NGF-grafted NBM amounted to 84% and 122% in the young 
and aged recipients, respectively, whereas the values in the 
control-grafted NBM were only 54% and 46%, respectively. 
Consistent with the NGF-ELISA data, RT-PCR amplification 
of the retroviral transcript in total RNA samples from grafted 
NBM tissue revealed clear expression of the NGF transgene in 
four aged animals analyzed at 10 weeks after transplantation 
(data not shown). 

Histological Analyses. [ 3 H]Thymidine autoradiography re- 
vealed surviving grafts in all grafted animals (Fig. 2 D and H): 
The grafted cells were found scattered around the implanta- 
tion sites, covering a distance of about 1 mm from the sites of 
injection, with a glia-like morphology in Nissl-stained sections. 
The morphological appearance, migration, and integration of 
the control- and NGF-cells were similar to those described 
earlier at 10 weeks after transplantation in young animals and 
at 4 weeks after transplantation in aged rats (14, 36). 

NGF-producing grafts induced a hypertrophic response of 
the p75 NTR -positive neurons in each target region (163% and 
182% of control-graft values in the MS and NBM, respectively; 
seen only when the NGF graft was placed in these regions; four 
to seven randomly selected animals per group; Fig. 2 and Table 
3). By contrast, grafts of BDNF-producing cells had no effect. 
In the NBM, the NGF-induced local trophic response lead to 
a normalization of cell volumes in the aged animals compared 





NGF 




(pg/g wet tiss 


ue) 




Young (n 


= 8) 


Aged (n 


= 13) 


Ventral mesencephalon 


189 ± 


24 


203 ± 


49 


Hippocampus 


1929 ± 


338 


1503 ± 


120 


Cortex 


709 ± 


55 


690 ± 


79 


NBM, control-graft 


382 ± 


57* 


320 ± 


59* 


NBM, NGF-graft 


592 ± 


86+ 


845 ± 


178+ 



•Different from cortex, P < 0.05 (one-tailed, student t test). 
+NGF-grafted NBM is different from control-grafted NBM (P = 
0.01) and not from cortex (P > 0.4). 
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Fig. 2. Reversal of cholinergic neuron atrophy in aged rats by NGF-producing grafts. Overview of p75 NTR immunostained cholinergic neurons 
in the NBM (A-D) and MS (E-H) in nonimpaired (A and E) or memory-impaired animals receiving either control- (B and F) or NGF-secretmg 
(C and G) grafts. The stars denote the original placement of one of the two deposits in each case, dorsal and lateral to the NBM nucleus (A-D) 
and the arrowheads point to the midline (E-H). (D and H) Darkfield microphotographs of [ 3 H]thymidine autoradiograms showing the NGF-grafts 
into the NBM (D) and MS (H). Individually labeled grafted cells (identified by grain clusters, white arrows) have integrated into the host tissue 
within a region extending about 1 mm from the injection site. The stars denote portions of the original implantation site. (Bar in H.A-C, 400 /im; 
£ and F, 200 ^m, D and H, or 100 >im.) 



with both the young and the nonimpaired aged subjects (Fig. 
2 A-C). The MS graft group exhibited hypertrophy when 
compared to the young controls (illustrated in Fig. 2 E-G; 
Table 3). pTS^-positive neuron cell counts did not differ 
between any of the groups (Table 3). 

DISCUSSION 

The experimental evidence described here demonstrates the 
long-term efficiency of an NGF-secreting neural stem cell line 
for NGF gene transfer to the aged rat brain. The results 
provide evidence for functional recovery of memory-impaired 
animals after supplying NGF to the relevant cholinergic neu- 
ronal populations in MS and NBM, accompanied by a reversal 
of their atrophic state. In vivo transgene i 



demonstrated by RT-PCR at 10 weeks after gene transfer; 
moreover, the NGF content in the transplanted regions was 
increased as determined by ELISA, thus substantiating the 
sustained in vivo production of the transgene protein product 
from the transplanted engineered cells. 

We and others (14, 19) have previously reported ameliora- 
tive effects of short-term NGF gene transfer on age-induced 
memory impairments in rodents in experiments limited to a 
3-week test schedule as previously used in NGF infusion 
experiments (6, 9). In fact, the present study is the first to 
report sustained effects of any type of exogenous NGF ad- 
ministration in aged rats beyond 1 month, showing that 
NGF-producing neural stem cells implanted into either of the 
two principal cholinergic basal forebrain cell groups, MS and 
NBM, are effective in inducing long-lasting improvement in 



Table 3. Morphometric analyses of the p75 NTR -positive neurons 







MS" 






NBM" 






Number 


Volume 


Number 


Volume 




4 


22242 ± 4065 


6050 ± 177 


6998 ± 393 


9024 ± 152 


Nonimpaired c 


5 


19885 ± 1838 


6333 ± 602 


5706 ± 573 


9808 ± 1124 


Control MS and NBM 


8 


19251 ± 1566 


5163 ± 213' 


5748 ± 560 


6294 ± 162* 


NGF-MS 


7 


17389 ± 1723 


8396 ± 157*t 


6200 ± 200 


6476 ± 363* 


NGF-NBM 




18525 ± 2931 


5213 ± 103 


5869 ± 556 


11444 ± 1725+ 


BDNF-NBM 


5 


16446 ± 921 


5250 ± 118 


5971 ± 708 


6104 ± 287* 



:s and volumes in each animal. 



Cell number and neuronal volume (^.m 3 ) in the MS and NBM regions, ten weeks after grafting control-, NGF-, 
or BDNF-cells. Values are mean ± SEM. 
"The MS was analyzed bilaterally as a single structure. 
b NBM figures from each hemisphere were averaged to obtain cell o 
c Nongrafted groups. 
•Different from young and nonimpaired groups. 

tDifferent from control-graft group. P < 0.05, one-way ANOVA, Fisher PLSDpost hoc test. Cell numbers were 
not different among groups. Control-MS and control-NBM were not different from each other and thus 
combined in a single control-MS and NBM group. 
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spatial learning (both escape latency and platform crossings) 
in the Morris water-maze task for at least 10 weeks after cell 
implantation. On the platform crossings measure, the most 
robust index of spatial acuity, both NGF-grafted groups were 
significantly improved compared with the control group, with 
scores as high as the nonimpaired animals. Consistent with 
previous observations using osmotic minipump infusions of 
BDNF (16), the BDNF-producing cells did not induce any 
improvement of the rats' performance in this task. 

The extent of behavioral improvement found in the present 
experiment is quite similar to that observed after continuous 
infusions of high doses of NGF (6 fig per day for 4 weeks) (refs. 
16 and 17; see also ref. 18), and in previous studies on the 
short-term effects of NGF gene transfer in aged rats (14, 19). 
Both the acquisition of place navigation (shown as a reduction 
in escape latency or swimming distance) and the formation/ 
retention of spatial memory (evaluated as platform crossings 
in the spatial probe trials) were improved. In the present 
experiment, the long-term stability of the recovery in spatial 
learning and memory was observed in a 10-week testing 
paradigm. In particular, the use of ex vivo gene transfer 
procedures allowed for the first time to study the effect of local 
sustained NGF-delivery on the rats' ability to relearn the task 
in a long-term experimental design. In the platform reversal 
test (test 3), the NGF-grafted animals could relearn and retain 
the new platform location similarly to the nonimpaired rats, 
whereas the control animals were impaired on the acquisition 
of this new platform site. These observations imply that the 
spatial learning abilities of the NGF-grafted rats were im- 
proved in a sustained manner, rendering the animals able to 
make proper use of spatial information to adopt a new spatial 
search strategy. 

Improved spatial learning has previously been observed with 
NGF-secreting stem cells grafted either into the NBM alone or 
into both the NBM and MS (14); NGF-secreting fibroblasts 
have been shown to induce similar effects when transplanted 
in the NBM region of learning-impaired aged rats (19). In our 
previous study, we could not elucidate the relative importance 
of the MS and NBM regions in mediating the NGF-effect. 
Previous infusion experiments are equally inconclusive in this 
respect, because intraventricularly administered NGF is widely 
distributed in the brain and may affect multiple targets, 
including the basal forebrain, striatum, hippocampus, and 
cortex (47, 48). In the present work, we confirm that long-term 
stimulation of the NBM region results in improved perfor- 
mance in the water maze, but we also show that NGF supply 
confined to the septal area results in an equal or even greater 
improvement compared with NBM transplants. Interestingly, 
in young animals, widespread cholinergic deficits induced by 
the cholinergic immunotoxin 192 IgG-saporin are required to 
impair task performance in the water maze test, whereas focal 
MS or NBM lesions have little or no effect, suggesting that 
each of the two cholinergic nuclei is able by itself to ensure 
performance in the task (49-51). 

Consistent with the pattern of behavioral improvement, the 
histological analyses revealed a trophic response in the basal 
forebrain cholinergic neurons only in those animals and re- 
gions that received an NGF-producing graft, such that the 
p75 NTR -positive neuron volume was restored or even increased 
above that found in the young controls. No indication of 
increased cell numbers was obtained in any of the groups, 
which is in agreement with our previous short-term gene 
transfer experiment (ref. 14; see ref. 19), as well as with several 
NGF infusion experiments (9, 16, 17). The fact that a localized 
host trophic response, as seen here, is linked to significant 
spatial memory improvement provides strong evidence in 
favor of the interpretation that functional stimulation of either 
of two principal cholinergic forebrain projection systems, i.e., 
MS or NBM, is sufficient for restoration of spatial memory 
performance in aged rats, and moreover that local application 



of the neurotrophin at the cell body level is sufficient to induce 
this effect. 

The estimated NGF secretion rate of the present NGF grafts 
(100 ng per day on each side; see ref. 36) is much lower than 
the amount of NGF necessary to induce similar effects after 
intraventricular infusion (6 /xg per day). This indicates that the 
cellular gene transfer system is a considerably more efficient 
delivery system for neurotrophic proteins than pump infusion 
into the cerebrospinal fluid. In this context, it should be noted 
that the in vitro NGF secretion rate of the E8 stem cell clone 
used here is 10-fold higher than that of the transduced 
primary fibroblasts used by Chen and Gage (19), which may 
explain why more pronounced cellular and behavioral effects 
are obtained with the NGF-secreting neural stem cells. 

An important aspect addressed in our study relates to the 
effectiveness of the present ex vivo gene transfer approach in 
providing the brain with a significant amount of transgenic 
protein, which is a critical point in the validation of any gene 
transfer protocol. Previous reports (14, 36) have indicated that 
gene expression from the (monocistronic) retroviral vector in 
the NGF-stem cell line could be detected in vivo as long as 10 
weeks in adult animals and 4 weeks in aged subjects, as 
measured by RT-PCR or as NGF-like neurotrophic activity 
(14). Here we have used NGF-EL1SA determinations on tissue 
samples dissected from transplanted young or aged rat brains 
to demonstrate the presence of NGF protein in the grafted 
NBM region at 4 and 10 weeks after transplantation of the 
transduced cells, as well as RT-PCR determinations to dem- 
onstrate the expression of the retroviral NGF message. The 
actual quantification of NGF protein at the target region 
provides a direct demonstration that the cell line used in our 
studies continues to express the transgene, and that this results 
in an increased NGF tissue content in the transplanted area. 
The NGF levels obtained in vivo are high enough to exert a 
wide-spread neurotrophic effect within the target nuclei. In- 
deed, recent evidence indicates that the continued presence of 
elevated NGF levels is required to maintain NGF-induced 
cholinergic neuronal hypertrophy over time. Thus, Kordower 
et al. (52) have reported that the NGF-induced cellular re- 
sponse dissipates within 3 weeks following cessation of exog- 
enous NGF supply. 

The results reported here demonstrate the efficiency of the 
present ex vivo gene transfer strategy as a localized delivery 
system for neurotrophic factors to the brain. When compared 
with other protein delivery systems to the brain, the current 
approach shows clear advantages over injections, infusions, or 
other cellular vehicles, exemplified by fibroblasts: Immortal- 
ized neural stem cells provide the brain with an even but 
targeted source of transgenic protein for long periods of time, 
resulting in an increased content of the transferred trophic 
factor. Taken together, available data on the molecular, cel- 
lular, and behavioral levels provide a solid basis for the use of 
neurotrophin-secreting neural stem cell lines as a powerful 
experimental therapeutic approach to counteract neurodegen- 
erative changes and promote functional recovery in the dis- 
eased or injured central nervous system. 
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Immortal Time: Circadian Clock 
Properties of Rat 
Suprachiasmatic Cell Lines 

David J. Earnest,* Fong-Qi Liang, Matt Ratcliff, 
Vincent M. Cassone 

Cell lines derived from the rat suprachiasmatic nucleus (SCN) were screened for 
circadian clock properties distinctive of the SCN in situ. Immortalized SCN cells 
generated robust rhythms in uptake of the metabolic marker 2-deoxyglucose 
and in their content of neurotrophins. The phase relationship between these 
rhythms in vitro was identical to that exhibited by the SCN in vivo. Trans- 
plantation of SCN cell lines, but not mesencephalic or fibroblast lines, restored 
the circadian activity rhythm in arrhythmic, SCN-lesioned rats. Thus, distinctive 
oscillator, pacemaker, and clock properties of the SCN are not only retained but 
also maintained in an appropriate circadian phase relationship by immortalized 
SCN progenitors. 



Recent progress has unveiled the identities 
and distribution of putative molecular com- 
ponents of the mammalian circadian clock. 
Orthologs of Ihe Drosophihi period gene, 
mPerl, mPer2, and mPeiS, and the mouse 
Clock gene express transcripts that arc local- 
ized and regulated by light within the known 
site of the circadian pacemaker in the hypo- 
thalamic SCN (1-5). However, the distribu- 
tion and circadian expression of transcripts 
encoded by these genes are not restricted to 
the SCN or to known components of the 
vertebrate clock (2, (5, 7). The widespread 
spatial pattern of molecular oscillations leads 
to at least two critical questions: Is the oscil- 
latory behavior of clock-related genes in pe- 
ripheral, noneloek tissues strictly indicative 
of their function as components of the circa- 
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dian pacemaker mechanism, and if rhythmic- 
ity in the periphery persists independent of 
SCN regulation, then what is the function of 
these molecular oscillations within the SCN? 
In essence, what specific properties distin- 
guish an "oscillator," a "pacemaker,*' and a 

To explore this issue, we generated im- 
mortal cell lines from the anlage of the rat 
SCN. Similar to other neural cell lines, im- 
mortalized SCN cells are characterized by the 
conservation of many biochemical properties 
that distinguish mature parental cell types. 
For example, these lines express neurotro- 
phins and neuropeptides found within the 
SCN in vivo (.V). If immortalized SCN pro- 
genitors also retain the distinctive functional 
properties of the SCN, then indices of their 
cellular activity should oscillate with a circa- 
dian periodicity and recovery of circadian 
behavioral rhythmicity should occur after 
their transplantation into arrhythmic. SCN- 
lesioned animals. 

Because rhythmic utilization of 2-deoxyglu- 
cose (2-DG) is a well-documented circadian 
property of SCN acmitv (9, 10). immortalized 



cells were assessed for evidence of oscillatory 
behavior in this index of cellular metabolism 
(11). The capacity of immortalized cells to gen- 
erate circadian rhythms in the expression of 
brain-derived neurotrophic factor (BDNF) and 
neurotrophin-3 (NT-3) was also examined con- 
currently (12) because these neurotrophins are 
found in the SCN and BDNF levels oscillate on 
a circadian basis in vivo (13. 14). Glucose 
utilization in immortalized SCN cells was char- 
acterized by robust circadian rhythmicity in 
both the uptake of 2-DG and phosphorylation to 
2-DG-6-phosphatc (2-DG-6P) for two cycles in 
vitro (Fig. 1 A). Throughout both cycles, 2-DG- 
6P concentrations w ere consistently maintained 
at 70 to 80% of the values for 2-DG uptake. The 
circadian profiles of 2-DG and 2-DG-6P con- 
centrations in immortalized cells were contem- 
poraneous, with peak values at 68 and 92 hours 
after plating of the cultures. Maximal concen- 
trations of 2-DG and 2-DG-6P were two to 
three times greater than the corresponding min- 
imum for both rhythms. In contrast to the rhyth- 
mic profiles of 2-DG uptake and 2-DG-6P con- 
centrations, accumulation of labeled free 2-DG 
and glycogen remained at constant basal con- 
centrations in immortalized cells. SCN2.2 cells 
also exhibited circadian fluctuations in BDNF 
and NT-3 content, with a three- to sixfold dif- 
ference between peak and minimum levels of 
these neurotrophins (Fig. IB). The circadian 
patterns of BDNF and NT-3 content were ex- 
pressed in an inverse phase relationship; when 
BDNF content reached peak values, NT-3 lev- 
els were near their minimum. The circadian 
maxima in NT-3 content recurred 8 hours in 
advance of the rhythmic crest in BDNF levels. 
Despite the differences in their circadian pro- 
files, the rhythms in glucose utilization and 
ncurotrophin expression were invariably locked 
in the same phase relationship with regard to 
each other and the time of plating across differ- 
ent experiments. On three separate occasions, 
the inaugural crests in NT-3 and BDNF levels 
and glucose utilization occurred at 48, 56, and 
68 hours, respectively, after cell plating, with 
recurrent peaks every 24 hours thereafter. The 
12-hour antiphase relationship between the 



Fig. 1. Circadian patterns of 
glucose utilization and neuro- 
trophin expression in confluent 
cultures of SCN2.2 cells (N = 
5). (A) 2-DG (solid line, ■) up- 
take and conversion to 2-DG- 
6P (dashed line, O). (B) BDNF 
(solid line, ■) and NT-3 
(dashed line, O) content. Sym- 
bols denote mean (±SEM) de- 
terminations at 4-hour intervals. 
Asterisks indicate sampling in- 
tervals in (A), during which 2-DG 
and 2-DG-6P values were signif- 
icantly greater (P < 0.05) than 
those observed during the three 
preceding intervals, and in (B), 
during which peak values for BDNF 





and NT-3 content w 



Time In Culture Time in Culture 

ire significantly greater (P < 0.05) than the three succeeding minima. 
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rhythms of glucose utilization and BDNF o 



ells ; 



o that 
it SCN is 



observed m ihe SCN in v 
characterized by maximal 2-DG uptake 
eadian time (CT) 6 (9) and peak BDNF < 
around CT IX (N). Any potential 
between the growth cycle and oscillatory be- 
havior of SCN2.2 cells is unlikely because their 
generation time of 28 hours is distinctly longer 
than the circadian periodicity of the glucose 
utilization and neurotrophm rhythms. Further- 
more, this cell line is distinguished by the arrest 
of proliferative activity and UNA synthesis 
upon establishment of contact between neigh- 
boring cells in confluent cultures (H). 

The neural transplantation technique was 
also used to examine circadian pacemaker and 



clock properties of SCN2.2 cells in vivo (15). In 
these experiments, immortalized cells were 
grafted near the ablation site in SCN-lesioned 
rats exhibiting arrhythmicity or ultradian 
rhythms in their wheel-running activity for at 
least 6 weeks (N = 10). The circadian rhythm 
of wheel-running behavior was restored within 
4 to 10 days after transplantation in five of the 
arrhythmic hosts receiving SCN2.2 cell grafts 
(Fig. 2A). In these animals, the free-running 
period of the restored rhythms (mean = 
24.02 ± 0.02 hours) was typically shorter than 
that observed before ablation of the SCN 
(mean - 24.12 ± 0.09 hours). Complete de- 
struction of the host SCN was confirmed by the 
absence of immunostaining for vasoactive in- 
testinal polypeptide (VIP), gastrin-releasing 
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peptide (GRP), and arginine vasopressin (AVP) 
(16). Functional correlates of SCN2.2 cell 
grafts in promoting the recovery of circadian 
rhythmicity were correlated with graft viability 
and the expression of SCN-like phenotype. An- 
imals with restored circadian behavior were 
distinguished by viable grafts expressing neu- 
ropeptides or neurotrophins found in the SCN 
in vivo (IS, 17). These SCN2.2 cell grafts were 
located in the host third ventricle region as a 
single aggregate containing small clusters of 
VIP-, GRP-, AVP-, or BDNF-immunopositive 
perikarya (Fig. 3). In contrast, immortalized cell 
grafts that failed to restore circadian rhythm 



g S( N 



ts (N = 5) 



were characterized by low- 
devoid of SCN-like elements. The restoration 
of circadian wheel-running behavior was not 
observed in SCN-lesioned animals that re- 
ceived control transplants of either ElA-im- 
mortalized mesencephalic cells (,V 6) or NIH 
3T3 fibroblasts (N = 6; Fig. 2B), although 
viable grafts were confirmed in subsequent his- 
tological analysis. 

Like other cell lines (7) and many periph- 
eral insect and mammalian tissues (6, IS), our 
immortalized cells derived from the SCN gen- 
erate circadian rhythms in vitro and thus will be 
valuable in studying the molecular mechanisms 
for circadian oscillations. However, our immor- 
talized SCN cells are distinguished by their 
capacity to confer rhythmicity to the organism, 
similar to the circadian pacemaker function of 
the SCN in vivo. These results underscore fun- 
damental distinctions between a circadian os- 
cillator and clock. Whereas an "oscillator" is 



Fig. 2. (A) Restoration of circadian wheel-running activity in two SCN-lesioned rats by grafted 
SCN2.2 cells. In both intact hosts, the endogenous period of the activity rhythm was 24.1 hours in 
constant dim illumination. The activity patterns were rendered arrhythmic by bilateral SCN 
ablation (SCNx), and circadian rhythmicity (period = 24.0 hours) was later restored in both animals 
by SCN2.2 cell grafts. (B) Activity records of two lesioned, arrhythmic rats receiving grafts of NIH 
3T3 cells. Intact hosts exhibited activity rhythms with periods of 24.1 and 24.0 hours. Activity 
rhythms of both animals were abolished by SCN lesions, and this arrhythmicity persisted after 
transplantation of NIH 3T3 cells. Periodogram analyses of the data during the last 15 to 25 days 
of the intact, lesioned, and grafted intervals are shown on the right of each record. 




Fig. 3. Photomicrographs depicting immunocy- 
tochemical localization of VIP (A) and GRP (B) 
in transplanted SCN2.2 cells located within the 

third ventricle of an SCN-lesioned host. Arrows 
delineate graft location. 
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merely a device that oscillates, a "clock" repre- 
sents "[a]ny instrument for measuring or indi- 
cating time" and a "pacemaker" is defined as a 
process or substance that "regulates" the timing 
of other events (19). Although the capacity to 
oscillate is a widely distributed property, the 
restoration of cireadian rhythmicity in SCN- 
lesioncd. arrhythmic hosts by immortalized 
SCN cells but not NIU 3T3 mouse fibroblasts 
implies that only oscillators derived from the 
SC'N act as pacemakers and have the capabilit) 
to impose their rhythmicity on mammalian be- 
havior. How these oscillators in the SC'N drive 
rhythms in behavior is unclear at this point, but 
there is increasing evidence indicating that the 
SCN secretes a diffusible factor that at least in 
part contributes to this rhythmic efflux (20). 
Perhaps one of these factors is a neurotrophin 
such as BDNF or NT-3, based on their rhyth- 
mic expression in immortalized SCN cells and 
the SCN in vivo (14). 
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Horizontal Propagation of 
Visual Activity in the Synaptic 
Integration Field of Area 17 
Neurons 

Vincent Bringuier,* Frederic Chavane, Larry Claeser, 
Yves Fregnacf 

The receptive field of a visual neuron is classically defined as the region of space 
(or retina) where a visual stimulus evokes a change in its firing activity. At the 
cortical level, a challenging issue concerns the roles of feedforward, local 
recurrent, intracortical, and cortico-cortical feedback connectivity in receptive 
field properties. Intracellular recordings in cat area 17 showed that the visually 
evoked synaptic integration field extends over a much larger area than that 
established on the basis of spike activity. Synaptic depolarizing responses to 
stimuli flashed at increasing distances from the center of the receptive field 
decreased in strength, whereas their onset latency increased. These findings 
suggest that subthreshold responses in the unresponsive region surrounding the 
classical discharge field result from the integration of visual activation waves 
spread by slowly conducting horizontal axons within primary visual cortex. 



The average size of the minimal discharge- 
field (MDF) in area 17 neurons is -2° of 
visual angle (for the representation near the 



area centralis) when it is mapped with a small 
spot or slit of light (/, 2). The strength of the 
spiking response results from the amplifica- 
tion of the feedforward thalamo-cortieal drive 
by a local recurrent intracortical loop thai 
preserves the retinotopic mapping of visual 
input onto cortex (/, 3). However, firing re- 
sponses to stimuli presented within the MDF 
can also be modulated by the concomitant 
stimulation of its surround, over a region up 
to 10° of relative eccentricity (4, J). These 



w.sciencemag.org SCIENCE VOL 283 29 JANUARY 1999 



